Abstract. Recently, there has been a dramatic increase in the detection and characterization of insect-specific viruses in field-collected mosquitoes. Evidence suggests that these viruses are ubiquitous in nature and that many are maintained by vertical transmission in mosquito populations. Some studies suggest that the presence of insect-specific viruses may inhibit replication of a super-infecting arbovirus, thus altering vector competence of the mosquito host. Accordingly, we screened our laboratory mosquito colonies for insect-specific viruses. Pools of colony mosquitoes were homogenized and inoculated into cultures of Aedes albopictus (C6/36) cells. The infected cells were examined by electron microscopy and deep sequencing was performed on RNA extracts. Electron micrograph images indicated the presence of three different viruses in three of our laboratory mosquito colonies. Potential implications of these findings for vector competence studies are discussed.
INTRODUCTION
Arthropod-borne viral (arboviral) diseases are a major public health burden worldwide. Several mosquito-borne arboviruses, such as dengue, West Nile, and Chikungunya viruses have recently increased in importance as human pathogens because of geographic expansion and adaptation to new vector species. 1 Recent studies have shown that the microbiota of mosquitoes can affect their ability to become infected with and to vector certain pathogens. [2] [3] [4] [5] There is a growing realization that mosquito populations are naturally infected with a wide range of bacteria, 6, 7 fungi, 8 and viruses [9] [10] [11] [12] [13] [14] [15] ; and this recognition has raised interest in the potential effects of these microbes on mosquito ecology and on pathogen transmission.
During the past decade, there has been a dramatic increase in the detection and description of novel insect-specific viruses found in field-collected mosquitoes. The term "insectspecific" refers to viruses that replicate in mosquitoes and mosquito cells but not in vertebrates or vertebrate cells, in contrast to classical arboviruses that can replicate in both. It is now apparent that these viruses are widespread in nature and that many are probably maintained by vertical transmission. [16] [17] [18] [19] Some studies also suggest that superinfection exclusion (cells infected with one virus are refractory to infection by a second related virus) may occur between some insectspecific viruses and pathogenic arboviruses, 20, 21 altering the vector competence of the mosquito host. In vivo and in vitro studies investigating interactions between two insect-specific flaviviruses (Culex flavivirus [CxFV] 20, 22 and Palm Creek virus [PCV] 21 ) with West Nile virus (WNV), have shown modulation of WNV replication and dissemination in dually infected mosquitoes, suggesting that some insect-specific viruses may alter the mosquito's ability to serve as a competent vector for certain pathogenic arboviruses. These findings prompted us to screen our 16 laboratory mosquito colonies for infection with insect-specific viruses.
MATERIALS AND METHODS
Testing mosquito colonies for viral infection. Our mosquito insectary is maintained at 27 C and a relative humidity of 80% under a 16-h light:8-h dark photoperiod, as previously described. 23 Each of our laboratory colonies (Table 1) were screened for viral infection by homogenizing two pools of 50 male and 50 female mosquitoes and attempting virus isolation in the C6/36 cell line. Briefly, mosquito pools were homogenized in 3 mL of minimum essential medium (MEM) supplemented with penicillin (100 U/mL) and streptomycin (100 μg/mL) and 20% fetal bovine serum (FBS), using a TissueLyser (Qiagen, Hidden, Germany). After centrifugation at 10,000 rpm for 10 min, 200 μL of each supernatant was inoculated into separate 25 cm 2 flask cultures of C6/36 cells. After 2 hrs of absorption at 28 C, 10 mL of maintenance medium was added. Cultures were held in an incubator at 28 C for 7 days and examined daily for cytopathic effect (CPE). All cultures were also subsequently screened by electron microscopy (EM) for the presence of virus-like particles. If CPE was observed or virus-like structures were seen by EM, total RNA was then extracted from the C6/36 cell culture supernate and submitted for deep sequencing using an Illumina platform.
Transmission electron microscopy. Transmission electron microscopy was used to initially confirm the presence of virus in all cultures of C6/36 cells. For ultrastructural analyses, infected cells were fixed for at least 1 hr in a mixture of 2.5% formaldehyde prepared from paraformaldehyde powder, and 0.1% glutaraldehyde in 0.05 M cacodylate buffer pH 7.3 to which 0.03% picric acid and 0.03% CaCl 2 were added. The monolayers were washed in 0.1 M cacodylate buffer, cells were scraped off and processed further as a pellet. The pellets were post-fixed in 1% OsO 4 in 0.1 M cacodylate buffer pH 7.3 for 1 hr, washed with distilled water, and en bloc stained with 2% aqueous uranyl acetate for 20 min at 60 C. The pellets were dehydrated in ethanol, processed through propylene oxide, and embedded in Poly/Bed 812 (Polysciences, Warrington, PA). Ultrathin sections were cut on Leica EM UC7 μL tramicrotome (Leica Microsystems, Buffalo Grove, IL), stained with lead citrate, and examined in a Philips 201 transmission electron microscope (Philips Electron Optics, Eindhoven, The Netherlands) at 60 kV. 24 was used to assemble the reads into contigs, using several different sets of reads, and k values from 20 to 40. A nearly full-length contig for the Ae. aegypti-Galveston sample was obtained from 250,000 paired-end reads with a k value of 23, whereas 500,000 paired-end reads at a k value of 39 were used for the Ae. albopictus-Thailand sample. Reads were mapped back to the contigs using bowtie2, 25 and visualized with the Integrated Genomics Viewer 26 to verify that the assembled contig was correct. About 6.3% and 28% of the read-pairs in the sample mapped to the viral contigs, from about 5.8 and 4.3 million total reads for the Ae. aegypti-Galveston and Ae. albopictusThailand samples, respectively.
Phylogenetic analysis. Selected flavivirus sequences, representing a 1900 nt segment of the polymerase gene, were downloaded from GenBank. These sequences, together with the corresponding sequences of the viruses detected in our laboratory mosquito colonies, were combined and aligned manually using the Se-Al application based on amino acid sequence alignments. A Neighbor-Joining tree was built based on this alignment, using the PAUP* v4.0b package (Sinauer Associates, Sunderland, MA) as a guide tree. Overly sampled sequences from a single location and year were deleted to accelerate the analysis without sacrificing overall genetic diversity. This led to a final data set of 83 samples. A maximum likelihood tree was then inferred using PAUP* based on the best-fit substitution model estimated from Modeltest version 3.06. 27 The optimal maximum likelihood tree was estimated using the appropriate model and a heuristic search with tree-bisection-reconstruction branch swapping and 1,000 replicates, estimating variable parameters from the data, where necessary. Bootstrap replicates were calculated for each data set under the same models mentioned previously. Additionally, Bayesian analysis was undertaken using MrBayes v3.1, 28, 29 and data sets were run for 10 million generations until they reached congruence. The models used were HKY+G and HKY+I+G. Trees obtained by either analysis exhibited similar topologies.
Characterization of virus-infected mosquito colonies. To investigate the level of virus infection within the infected laboratory mosquito colonies, individual adult mosquitoes (~5-7 days old) were homogenized in 0.5 mL of diluent (phosphate buffered saline supplemented with 10% FBS) using a TissueLyser. The RNA extractions were performed using a QIAamp viral RNA Mini kit (Qiagen, Inc., Valencia, CA) according to the manufacturer's instructions and tested using a standard reverse transcription-polymerase chain reaction (RT-PCR) assay and flavivirus-specific primers. Samples producing bands of the expected size, compared with positive controls generated from virus stocks, were sequenced for confirmation. A subset of individual female mosquitoes (~5-7 days old) was further examined by assaying infection rates of the legs and saliva. Briefly, mosquitoes were cold anesthetized by exposure to ice and one hind leg was removed and homogenized in 0.5 mL of diluent. Wings and remaining legs were removed and discarded. Saliva was then collected from the insects by inserting the proboscis (with mosquito attached) into a capillary tube 23 containing 2.5% FBS and 25% sucrose solution. Mosquitoes were allowed to salivate for at least 15 min and then capillary tubes (containing saliva) and bodies were placed into separate microcentrifuge tubes containing 0.5 mL of diluent. To process these samples for viral detection, one steel BB was added to each tube containing mosquito bodies or legs. Samples were homogenized at 24 cycles/second for 4 min using a TissueLyser and then clarified by centrifuging at 3,000 + g for 3 min. Saliva samples were centrifuged at 3,000 + g for 3 min to expel fluid from capillary tubes. All samples were then tested using a standard RT-PCR assay.
RESULTS
Virus isolation in C6/36 cells. Cytopathic effects were observed in cultures of C6/36 cells inoculated with mosquito homogenates from three laboratory colonies. Cultures from an Ae. albopictus-Thailand colony showed marked growth inhibition and cell aggregation compared with controls ( Figure 1 ). Similar CPE was also observed in C6/36 cells inoc- (Table 1) . Samples from two colonies, (Ae. aegypti-Galveston and Ae. albopictus-Thailand) revealed the presence of spherical virions of~40 nm in diameter with typical flavivirus morphology (Figure 2A and B) . These virions were mainly localized inside expanded cisternae of granular endoplasmic reticulum. Virus-like particles were also observed in C6/36 cells inoculated with pools of an Ae. albopictus-Galveston mosquito colony. They were~70 nm in diameter, located in clusters in the cytosol, and showed characteristic reovirus morphology ( Figure 2C ). Control C6/36 cells were devoid of any viruses ( Figure 2D) .
Next generation sequencing. Illumina sequencing confirmed the presence of RNA from a single flavivirus in the Ae. albopictus-Thailand colony. Blast results showed 91% and 98% nucleotide and amino acid identities, respectively, when compared with the Aedes flavivirus (AeFV), Narita-21 strain, an insect-specific flavivirus first isolated in Japan in 2003. 30 Viral sequences were also detected in the Ae. aegypti-Galveston colony, which confirmed the presence of cell fusing agent virus (CFAV), a previously described insect-specific flavivirus, first isolated from an Ae. aegypti cell line in 1975. 31 The CFAV has subsequently been found in Ae. aegypti populations in many parts of the world. Sequencing of cultures prepared from the Ae. albopictus-Galveston colony confirmed the presence of a plant reovirus, likely related to rice dwarf virus. (GenBank accession nos. are Aedes flavivirus-Bangkok strain: KJ741266 and CFAV-Galveston strain: KJ741267.)
Phylogenetic analysis. The phylogenetic relationships between the two insect-specific flaviviruses detected in our laboratory colonies and other selected flaviviruses were assessed by performing Bayesian analysis based on a 1900 nt region of the polymerase gene. The resulting tree topology (Figure 3) showed that the AeFV strain isolated from the Ae. albopictus-Thailand colony groups with other Aedesassociated insect-specific flaviviruses, forming a clade with AeFV isolates from Japan 30 and Missouri. 19 The CFAV isolate from the Ae. aegypti-Galveston colony also groups with the Aedes-associated insect-specific flaviviruses and forms a clade with the prototype CFAV isolate, originally described in 1975. 31 Examination of persistently infected colonies. Individual mosquitoes from the two flavivirus-infected laboratory colonies were tested by standard RT-PCR to estimate infection rates. In the Ae. albopictus-Thailand colony, AeFV viral RNA was detected in 85% of females (N = 11/13) and 43% of males (N = 3/7) sampled, suggesting vertical transmission as the probable mechanism for viral maintenance within the colony. Viral RNA was also detected in the legs (60%, N = 3/5) and saliva (60%, N = 3/5) from individual females of the Thailand colony. Examination of the Ae. aegypti-Galveston colony indicated that it is also persistently infected with CFAV. Viral RNA was detected in 100% of females (N = 10/10) and 90% of males (N = 9/10) from the colony, suggesting that CFAV is also maintained in the colony by vertical transmission. Viral RNA was detected in 100% of the legs from CFAV-infected females (N = 10/10). Interestingly, we were unable to detect CFAV RNA in the saliva (N = 0/10), as was seen with the AeFV-infected colony mosquitoes.
DISCUSSION
Three of 16 laboratory mosquito colonies tested showed evidence of viral infection. Sequence results confirmed the presence of CFAV in the Galveston Ae. aegypti colony. Cell fusing agent virus was the first insect-specific virus described and was originally isolated in 1975 from an Ae. aegypti cell line that showed massive syncytia formation when co-cultivated with Ae. albopictus cells. 31 The complete nucleotide sequence for CFAV was determined~15 years later and was found to be distantly related to other flaviviruses, with sequence identities between CFAV and other flaviviruses highest for NS5 and NS3 genes, with 45% and 34% identities, respectively. More recently, isolates of CFAV have been detected in fieldcaught Aedes and Culex spp. mosquitoes from Puerto Rico, 32 Thailand, 33 Mexico, and the United States (R. B. Tesh, unpublished data). The CFAV strain detected in our Galveston Ae. aegypti colony shares 97% nucleotide sequence identity with the prototype 1975 strain; but unlike the prototype, our strain did not show syncytia formation when inoculated onto C6/36 cells. A second insect-specific flavivirus, AeFV, was detected in our Ae. albopictus colony established from eggs originally collected in Bangkok, Thailand. This is the first report of AeFV isolated from mosquitoes collected in Thailand. Aedes flavivirus was first isolated from Ae. albopictus and Ae. flavopictus mosquitoes collected in Japan. 30 It has subsequently been isolated from Ae. albopictus mosquitoes collected in Italy 34 and Missouri. 19 Phylogenetic analysis, based on a portion of the polymerase gene, grouped the AeFV Bangkok strain with isolates from Japan and Missouri, sharing 91% sequence identity at the nucleotide level with these strains. A third virus was detected by EM in C6/36 cell cultures prepared from homogenates of the Ae. albopictus Galveston colony; it appears to be a reovirus based on virion size and morphology. Preliminary sequence analysis indicates that the latter virus consists of 12 segments, typical of reoviruses, and analysis of segment 1 indicates distant relationship (22% nucleotide identity) with rice dwarf virus. Studies are ongoing to identify and characterize this virus.
Preliminary studies with the Ae. albopictus-Thailand and Ae. aegypti-Galveston colonies suggest that the progenitor mosquitoes were infected with the respective insect-specific flaviviruses at the time the colonies were established. Mosquitoes from these two colonies have been tested by us multiple times over the past several years and the respective viral infections have persisted. Interestingly, these two naturally infected colonies have been maintained in the same insectary space for over 8 years with other non-infected mosquito colonies (including Ae. aegypti and Ae. albopictus colonies from other geographic regions); and thus far, no cross-contamination has been detected in these other colonies, providing supporting evidence for vertical transmission. The infection rates for CFAV in the Ae. aegypti-Galveston colony were higher (90-100%) compared with the infection rates observed with AeFV in the Ae. albopictus-Thailand (43-85%). It is unclear at this time why infection rates were different between the two naturally infected colonies. One potential reason to consider is the variable sensitivity of the virus-specific primer sets used for detection of the two viruses. Viral RNA was detected in both males and females from the two colonies. Infection rates observed in the Ae. albopictus-Thailand colony were variable between males (43%) and females (85%), which does not support vertical transmission as the primary mechanism of transmission, as we would expect both sexes to have similar infection rates. However, this unexpected finding could be a result of testing only a small portion of the cage population (13 females and 7 males). Vertical transmission has been reported previously with other insect-specific flaviviruses, based on the detection of viral RNA in adults reared from field-caught immature stages 16, 33 and in fieldcollected male mosquitoes. 17, 19, 32, 35 When laboratory colonies are established from wild-caught mosquitoes or stocks are obtained from other laboratory colonies, especially eggs, it is generally assumed that the emerging adults are "pathogen-free." However, as the results of this study show, that may not be a valid assumption, because the mosquitoes may be infected with insect-specific viruses, which may not be detrimental to the mosquitoes, but may interfere with other types of viruses being tested in the colonies. Observations of infected legs and saliva from mosquitoes in our colonies suggest that some of these insect-specific viruses potentially have similar mosquito tissue tropisms as medically important arboviruses. Studies of the tissue tropisms of CxFV, 35 another insect-specific flavivirus, in naturally infected Culex pipiens mosquitoes revealed a pervasive infection, with viral RNA detected in all tissues tested (salivary glands, ovaries, testes, head, fat body, and midgut). 18 Culex flavivirus RNA was also detected in all life stages (eggs, larvae, pupae, and adults from a naturally infected laboratory colony), with viral titers estimated to be as high as 8.95 log 10 RNA copies per individual. 20 Interestingly, one study 22 reported that saliva collected from Culex quinquefasciatus mosquitoes co-inoculated with CxFV (Izabal strain) and WNV contained both viruses, but no CxFV was detected in the saliva from singly infected mosquitoes. This observation suggests there could be a potential "piggybacking" mechanism of CxFV with WNV. 22 Interestingly, we detected AeFV in the saliva of Ae. albopictusThailand colony mosquitoes, but did not detect CFAV in the saliva collected from Ae. aegypti-Galveston mosquitoes. This observation suggests either a salivary gland infection barrier exists for CFAV in this Ae. aegypti colony or the number of virus particles present were below our level of detection. Further studies are needed to more clearly define the insectspecific viral load in naturally infected mosquitoes and the potential effects that such infection may have on life-history traits of the vector and on pathogen transmission.
There is accumulating evidence that the insect microbiota can influence pathogen transmission by activating the vector immune response or by directly inhibiting pathogen development. [36] [37] [38] [39] [40] With the growing realization of the diversity of the mosquito microbiome, it is important to understand the nature of these microorganisms and the role they may play in vector ecology and arbovirus transmission. Few studies have been done to evaluate potential interactions between insectspecific viruses with arboviruses in mosquitoes. A field study conducted in Chicago found a positive ecological association between the infection rates with WNV and CxFV, in Culex pipiens mosquito pools. 41 In contrast, Crockett and others 42 found no evidence to support an association between WNV and CxFV prevalence rates in Culex quinquefasciatus populations in the southeastern United States. In vitro and in vivo studies looking at the potential interaction of WNV with insect-specific flaviviruses in mosquito cells and in mosquitoes have also produced conflicting results. Studies looking at sequential infections in C6/36 (Ae. albopictus) cells, first with CxFV and followed by WNV 48 h later, resulted in significantly reduced WNV titers in co-infected cells, compared with controls. 20 A similar study looking at WNV replication kinetics in cells co-infected with CxFV showed reduced WNV titers, but these differences were not significant. 22 More recent studies in Australia with a newly described insect-specific flavivirus, PCV, showed suppression of WNV (Kunjin strain) and Murray Valley encephalitis virus replication in cells that were persistently infected with PCV. 21 Kenney and others 43 reported that Nahuirim virus, a newly characterized flavivirus from Brazil, reduces replication of WNV, Japanese encephalitis, and St. Louis encephalitis viruses in dually infected mosquito cell cultures. All of these in vitro experiments were conducted using C6/36 cells, which, unlike live mosquitoes, do not have a functional antiviral RNAi response, 44 thus the biological relevance of these in vitro results is uncertain.
To our knowledge, there are few published studies that have looked at the effects of insect-specific virus infection on vector competence for arboviruses using live mosquitoes. Bolling and others 20 compared the vector competence for WNV, using a Culex pipiens colony from Colorado (naturally infected with CxFV) and compared it to a C. pipiens colony from Iowa that was CxFV-free, and showed significantly reduced dissemination rates of WNV at 7 days post infection (dpi) in the co-infected mosquitoes. A similar study by Kent and others, 22 also investigating vector competence for WNV, compared a Florida strain of C. quinquefasciatus mosquitoes experimentally infected with CxFV to uninfected mosquitoes. No significant effects on WNV replication were observed; however when a Honduran C. quinquefasciatus strain was inoculated simultaneously with CxFV and WNV, enhanced transmission of WNV was found at 14 dpi. The results from these experiments have been inconclusive and conflicting, suggesting that interactions between insect-specific viruses and pathogenic arboviruses may be species-and strain-specific, depending on the mosquito used. Such observed differences have frequently been explained as "genetic differences" among mosquito populations, but they could also be the result of differences in the mosquitoes' microbiome and to the effect of other unrecognized bacteria or viruses in the insect.
With recent advances in molecular tools for viral detection, there has been a dramatic increase in the isolation and characterization of insect-specific viruses in mosquitoes. This group of viruses is very diverse, representing many different virus families and genera (Togaviridae, Flaviviridae, Bunyaviridae, Rhabdoviridae, Reoviridae, Mesoniviridae, Negevirus) and other still unclassified RNA viruses. [9] [10] [11] [12] 14, 45, 46 Data are lacking on the basic ecology of most insect-specific viruses in nature and their potential effects on mosquito life-history traits and the arboviruses they transmit. When conducting vector competence experiments, investigators should consider screening laboratory mosquito colonies for persistent insectspecific viral infections, and endosymbiotic bacteria, to be aware of potential variables that could alter resulting data sets. Studies are ongoing to characterize insect-specific viruses in our mosquito laboratory colonies and to further evaluate their potential effects on vector competence.
